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A b s t r a c t  
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and 
John I. Hochstein 
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S t .  Louis, Missour i  63130 
In-space dock ing and separa t ion  maneuvers o f  
spacecra f t  t h a t  have l a r g e  f l u i d  mass f r a c t i o n s  
may cause undes i rab le  spacecra f t  mot ion  i n  
response t o  t h e  impulsive-accelerat ion- induced 
f l u i d  motion. An example o f  t h i s  p o t e n t i a l  low- 
g r a v i t y  f l u i d  management problem arose d u r i n g  t h e  
development o f  t h e  s h u t t l e / C e n t a u r  veh ic le .  
Exper imenta l l y  v e r i f i e d  numer ica l  model ing tech- 
n iques were developed t o  e s t a b l i s h  t h e  p r o p e l l a n t  
dynamics, and subsequent v e h i c l e  motion, associ-  
a ted  w i t h  t h e  separa t ion  o f  t h e  Centaur v e h i c l e  
from t h e  s h u t t l e  o r b i t e r  cargo  bay. Al though t h e  
s h u t t l e / C e n t a u r  development a c t i v i t y  has been 
suspended, t h e  numer ica l  model ing techniques a r e  
a v a i l a b l e  t o  p r e d i c t  on-orb i t  l i q u i d  mot ion 
r e s u l t i n g  f r o m  i m p u l s i v e  a c c e l e r a t i o n s  f o r  o t h e r  
miss ions  and spacecraf t .  
I n t r o d u c t i o n  
The NASA Lewis Research Center has a long 
h i s t o r y  o f  p r o v i d i n g  technology f o r  t h e  des ign 
and o p e r a t i o n  o f  f l u i d  system1 i n  t h e  reduced- 
g r a v i t y  environment o f  space. 
program has prov ided suppor t  f o r  t h e  Centaur vehi -  
c l e  development e f f o r t  i n  t h e  f o r m  o f  b o t h  ana ly t -  
i c a l  and exper imental  s tud ies .  Recent ly  t h e  
Centaur was b e i n g  m o d i f i e d  t o  make i t  compat ib le 
w i t h  t h e  s h u t t l e  f o r  launch o f  t h e  G a l i l e o  and 
Ulysses spacecra f t .  Dur ing  t h i s  Centaur redes ign  
e f f o r t  concern arose over  t h e  dynamics associated 
w i t h  t h e  separa t ion  o f  t h e  Centaur v e h i c l e  f rom 
t h e  s h u t t l e  cargo  bay. 
Before separa t ion  f r o m  t h e  s h u t t l e  o r b i t e r  
t h e  Centaur v e h i c l e  was t o  be r o t a t e d  o u t  o f  t h e  
cargo bay b y  a deployment mechanism a t tached t o  
t h e  Centaur i n t e g r a t e d  suppor t  s t r u c t u r e  ( C I S S ) .  
The two v e h i c l e s  were then t o  be separated b y  
r e l e a s e  o f  severa l  CISS-mounted s p r i n g s  p o s i t i o n e d  
c i r c u m f e r e n t i a l l y  around t h e  a f t  Centaur s t r u c t u r e .  
These s p r i n g s  would i m p a r t  a s e p a r a t i o n  f o r c e  t o  
t h e  Centaur v e h i c l e  a long i t s  c e n t r a l  a x i s  t h a t  
would y i e l d  a d i f f e r e n t i a l  v e l o c i t y  between t h e  
o r b i t e r  and t h e  Centaur o f  approximately 1 f t l s e c .  
However, because o f  predeployment s h u t t l e  maneu- 
v e r s  and atmospheric d rag  t h e  p r o p e l l a n t  i n  t h e  
Centaur v e h i c l e  was n o t  l i k e l y  t o  be p o s i t i o n e d  
symmet r ica l l y  w i t h  respec t  t o  t h e  v e h i c l e  ax is .  
Consequently t h e  r e s u l t i n g  s p r i n g  f o r c e  a t  sepa- 
r a t i o n  would p robab ly  n o t  have acted th rough t h e  
c e n t e r  o f  g r a v i t y  o f  t h e  Centaur veh ic le ,  and 
T h i s  technology 
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r o t a t i o n a l  mot ion o f  t h e  Centaur r e l a t i v e  t o  t h e  
o r b i t e r  c o u l d  have occurred. 
t h u s  arose over  whether t h i s  p o s s i b l e  Centaur 
r o t a t i o n  would be severe enough t o  cause impact 
between t h e  Centaur and t h e  C I S S  o r  t h e  s h u t t l e  
o r b i t e r .  
A s a f e t y  concern 
T h i s  paper p resents  t h e  r e s u l t s  ob ta ined f rom 
an exper imental  program conducted i n  t h e  Lewis 
Zero-Gravi ty F a c i l i t y  t o  s tudy  f l u i d  mot ion  r e s u l t -  
i n g  f r o m  an impu ls ive  acce le ra t ion .  The d a t a  were 
used t o  v e r i f y  numer ica l  modeling techniques t h a t  
were t h e n  employed t o  assess t h e  importance o f  t h e  
Centaur separa t ion  dynamics concern. The r e c e n t l y  
re leased NASA-VOF3D computer code, developed a t  
t h e  Los Alamos N a t i o n a l  Laboratory ,  was employed 
t o  per fo rm t h e  numer ica l  modeling. T h i s  computer 
code prov ides  unique t rea tment  o f  low-grav i ty ,  
surface-tension-dominated f l u i d  dynamic phenomena 
so t h a t  t h e  p r o p e l l a n t  mot ion  b e f o r e  and a f t e r  
t h e  a p p l i c a t i o n  o f  t h e  a c c e l e r a t i n g  f o r c e  can be 
n u m e r i c a l l y  modeled. The computer code p r e d i c t s  
n o t  o n l y  t h e  p r o p e l l a n t  mot ion  b u t  a l s o  t h e  r e s u l t -  
i n g  pressure  f i e l d  i n  t h e  Centaur p r o p e l l a n t  tanks. 
These computer-generated tank  pressure  f i e l d s  can 
then be employed i n  a v e h i c l e  dynamics a n a l y s i s  t o  
e s t a b l i s h  t h e  Centaur mot ion  d u r i n g  separa t ion  
f r o m  t h e  s h u t t l e  cargo bay. Because o f  t h e  r e l a -  
t i v e  we igh ts  o f  t h e  l i q u i d  hydrogen and oxygen 
p r o p e l l a n t s  t h e  i n f l u e n c e  o f  t h e  hydrogen prope l -  
l a n t  mot ion  on t h e  r e s u l t i n g  Centaur v e h i c l e  
mot ion would have been min imal .  Consequently t h e  
exper imental  and a n a l y t i c a l  e f f o r t s  focused on 
p r e d i c t i n g  t h e  l i q u i d  oxygen p r o p e l l a n t  motion. 
Exper imenta l  Program 
The major goal  o f  t h e  exper imenta l  program 
was t o  v e r i f y  t h e  c a p a b i l i t y  o f  a numer ica l  anal-  
y s i s  t o  p r e d i c t  t h e  behav io r  o f  a l i q u i d  sub jec ted  
t o  an i m p u l s i v e  acce le ra t ion .  An e a r l i e r  in-house 
exper imental  program2 e s t a b l i s h e d  p o s s i b l e  zero- 
g r a v i t y  l o c a t i o n s  o f  t h e  oxygen tank  vapor bubble 
b e f o r e  t h e  Centaur separat ion.  The work r e p o r t e d  
on h e r e i n  examined t h e  subsequent l iqu id -vapor  
bubble mot ion  r e s u l t i n g  f r o m  an impulse s i m i l a r ,  
b u t  n o t  scaled, t o  t h e  separa t ion  maneuver. Scal- 
i n g  was n o t  attempted because t h e  s h u t t l e / C e n t a u r  
program was faced w i t h  t h e  cha l lenge o f  launch ing  
t h e  G a l i l e o  and Ulysses spacecra f t  d u r i n g  t h e  
second q u a r t e r  o f  1986. Consequently t h e  program 
used e x i s t i n g  hardware so t h a t  t h e  exper imenta l  
d a t a  c o u l d  be obta ined i n  t i m e  t o  suppor t  t h e  
p r o j e c t e d  launch date. 
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Zero-Gravity Facility 
The Zero-Gravity Facility (Fig. 1) consists 
of a concrete-lined 8.7-m-diameter shaft that 
extends 155 m below ground level. A steel vacuum 
chamber, 6.1 m in diameter and 142 m high, i s  con- 
tained within the concrete shaft. By using the 
Lewis wind tunnel exhaust system in series with 
vacuum pumps located in the facility, the pr ssure 
in the v cuum chamber is reduced to 13.3 N/m 5 
(1.3~10- 4 atm). The residual air in the drop 
than 10- 2 g, thus providing an essentially zero- 
chamber after pumpdown does produce a very low 
drag on the experimental drop package, but this 
force results in an equivalent acceleration acting 
on the p ckage that is estimated to be no greater 
gravity environment. 
top of the chamber results in approximately 5 sec 
of free-fall time. The packcge is suspended from 
the top of the vacuum chamber by a support shaft 
(connected to the cylindrical section of the pack- 
age) on a hinged-plate assembly. Once chamber 
pumpdown is completed, the package is released by 
pneumatically shearing a bolt that holds the 
hinged plate in a closed position. Following the 
free-fall period the package is decelerated at the 
bottom of the chamber in a cart filled with small 
pellets of expanded polystyrene. After the drop 
the vacuum chamber is vented to the atmosphere and 
the drop package is returned to ground level. 
Experimental Drop Package 
The experimental drop package (Fig. 2) con- 
sisted of a cylindrical section housing the exper- 
imental apparatus and the electrical systems. A 
closer view of the experimental apparatus is shown 
in Fig. 3 and a schematic diagram in Fig. 4. 
Located below the test tray were 28-V battery 
packs that supplied and regulated direct current 
to the experiment. 
The hardware mounted on the test tray (Fig. 2) 
included a high-speed motion picture camera, a dig- 
ital clock, a lighting system, and the test tank. 
The test tank was mounted on a cradle fastened to 
a linear bearing slide assembly (Fig. 3). During 
the drop a lateral acceleration was applied to the 
test tank by an air cylinder system (Fig. 4). The 
air cylinder consisted of a piston head (inside 
the cylinder walls) and a piston shaft, which 
extended beyond the end of the cylinder. The 
piston shaft was designed to push against the test 
tank frame, which was held in place with a retain- 
ing pin. 
retracted by a solenoid. 
surized air cylinder to impart an acceleration to 
the test tank. 
was applied to the tank was controlled by adjust- 
ing the length of the piston stroke. Once the 
piston reached the end of its stroke and no longer 
was in contact with the tank, the tank slid on 
the linear bearing at a constant velocity. 
Dropping the package from the 
During the drop the retaining pin was 
The time during which the force 
This allowed the prepres- 
The length of the linear bearing, and there- 
fore the distance that the tank could travel after 
being accelerated, was dictated by the experimen- 
tal drop package dimensions and the need to view 
the entire carriage displacement. 
would have been desirable, space was not available 
on the slide assembly to mount the camera. How- 
ever, through the use of a wide-angle lens it was 
possible to view approximately 27 cm of container 
Although it 
motion with the rigidly attached camera. 
fact that the camera was not mounted on the slide 
assembly made it nearly impossible to precisely 
measure the fluid motion because of both refrac- 
tion and parallax effects (discussed in detail in 
the following section, "Data Analysis"). The tank 
displacement was measured by tracking the motion 
of pointers attached to the test tank, against a 
scale accurate to 1 mm (Fig. 3). 
mounted above the container in the same plane as 
the tank centerline and in the camera's field of 
view. 
The 
The scale was 
Test Tank and Liquids 
The test tank was an oblate spheroid (ellip- 
soid) formed from a clear acrylic plastic, with 
semimajor and semiminor axes of 2.00 and 1.47 cm, 
respectively (Figs. 5 and 6). This tank geometry 
was chosen for the test program because of its 
similarity with the liquid-oxygen tank used on 
the Centaur vehicle. The tank was fabricated in 
two halves and bolted together with an O-ring 
seal as illustrated in Fig. 6. 
The liquids used in the zero-gravity tests 
were e5hanol and FC-43. 
near 0 contract acgle on the spheroidal tank 
walls. The near 0 contact angle characteristic 
is identical with that of liquid oxygen on the 
Centaur liquid-oxygen-tank surface. Other key 
properties of the test liquids and liquid oxygen 
(i.e., surface tension, density, and viscosity) 
are presented in Table I. 
It would have desirable to select fluids for 
the experimental program that had viscosity close 
to that of liquid oxygen. However, the results 
presented in Ref. 2 indicate that low-viscosity 
fluids take so long to form the zero-gravity 
liquid-vapor interface configuration that the 
5-sec drop time would not be sufficient to allow 
the subsequent acceleration of the test tank. 
Consequently test fluids with a significant vari- 
ation in viscosity were selected to determine 
whether the numerical analysis correctly accounted 
for viscosity effects. 
Test Setup and Procedure 
cleaned ultrasonically so that surface contamin- 
ation was avoided. Immediately before each test 
the tank was rinsed with a solution of distilled 
water, dried in a warm air dryer, and then rinsed 
with the test liquid. After rinsing, the tank was 
filled to the desired liquid level with a syringe, 
hermetically sealed, and mounted on the test 
vehicle. 
cradle on which the test tank was mounted was 
leveled to ensure that the ellipsoidal tank was 
oriented properly before and during the drop. 
After the tank was mounted and the vehicle bal- 
anced, the entire drop package was suspended from 
the top of the facility. The facility vacuum 
chamber was then closed and pumped down and the 
drop package was released. At package release the 
lights and the motion picture camera were activated. 
Approximately 2 sec after release lateral acceler- 
ation was applied to the experimental apparatus, 
and the test tank traversed the linear bearing. 
Both liquids exhibited a 
Before each series of tests the test tank was 
The entire test vehicle was balanced and the 
2 
Data Ana lys i s  
The da ta  ob ta ined i n  t h i s  i n v e s t i g a t i o n  were 
c o l l e c t e d  d u r i n g  t h e  f r e e - f a l l  p e r i o d  by a high- 
speed mot ion  p i c t u r e  camera. I n fo rma t ion  on t h e  
ze ro -g rav i t y  l i qu id -vapor  i n t e r f a c e  c o n f i g u r a t i o n  
was taken from t h e  f i l m  by us ing  a f i l m  analyzer.  
From t h e  ana lyzer  t h e  observed i n t e r f a c e  shape 
c o u l d  be d i r e c t l y  p l o t t e d  a t  va r ious  t imes through- 
o u t  t h e  drop. I n  t h e  t e s t  f i l m s  t h e  general  ou t -  
l i n e  o f  t h e  i n t e r f a c e  was def ined by a dark band. 
The p o i n t s  used f o r  p l o t t i n g  t h e  i n t e r f a c e  shape 
fo l lowed t h e  o u t e r  per imeter  o f  t h i s  dark  band 
(F ig .  6). 
about t h e  e l l i p s o i d  c e n t e r l i n e  be fo re  and du r ing  
t h e  drop, t h i s  ou te r  per imeter  corresponded t o  
t h e  p a r t  o f  t h e  i n t e r f a c e  l oca ted  i n  t h e  p lane  
de f i ned  by  t h e  e l l i p s o i d  c e n t e r l i n e  and t h e  tank  
minor  ax is .  
Because o f  symmetry o f  t h e  i n t e r f a c e  
T h i s  observed in te r face ,  however, became d i s -  
The c o n s t a n t l y  p resent  r e f r a c t i o n  o f  t h e  
t o r t e d  by r e f r a c t i o n  e f f e c t s  and a t  t imes because 
o f  t h e  ang le  a t  which t h e  camera viewed t h e  t e s t  
tank.  
observed i n t e r f a c e  was caused by t h e  w a l l s  o f  t h e  
e l l i p s o i d a l  tank  and a l a y e r  o f  t e s t  l i q u i d .  
Another fo rm o f  d i s t o r t i o n  was c rea ted  when t h e  
c o n t a i n e r  was moved du r ing  a drop. 
occurred, t h e  tank  s t a r t e d  a t  one end o f  t h e  
l i n e a r  bea r ing  t r a c k  and t r a v e l e d  t o  t h e  o the r  
end. The camera d i d  n o t  move w i t h  t h e  tank  
(because o f  hardware l i m i t a t i o n s  discussed pre- 
v i o u s l y )  b u t  i ns tead  was mounted approximately 
ha l fway  a long t h e  d i s tance  t h e  t e s t  tank  t rave led .  
T h i s  caused a p a r a l l a x  e f f e c t  when t h e  tank  was 
n o t  a t  t h e  cen te r  o f  t h e  t rack .  
t o  c o r r e c t  f o r  t h e  r e f r a c t i o n  e r r o r  alone by us ing  
a c a l i b r a t i o n  g r i d  f rom which ac tua l  i n t e r f a c e  
coo rd ina tes  cou ld  be determined (see Ref. 3 f o r  a 
d e t a i l e d  exp lanat ion) .  Cor rec t i ng  f o r  p a r a l l a x  
e f f e c t s  i n  combinat ion wi th r e f r a c t i o n ,  however, 
was n o t  poss ib le .  Therefore, when t h e  t e s t  tank  
was near t h e  ends o f  t h e  t rack ,  an approximate, o r  
q u a l i t a t i v e ,  l iqu id -vapor  i n t e r f a c e  ( l o c a t i o n  and 
c o n f i g u r a t i o n )  was determined by s tudy ing  t h e  t e s t  
f i l m  and u s i n g  t h e  c a l i b r a t i o n  g r i d .  
tank  was near  t h e  midd le  o f  t h e  t r a c k  and was 
p o s i t i o n e d  along t h e  o p t i c a l  a x i s  o f  t h e  camera 
lens, t h e  c a l i b r a t i o n  g r i d  cou ld  be employed t o  
o b t a i n  an ac tua l  i n t e r f a c e  con f igu ra t i on .  
p l o t  t h e  l a t e r a l  acce le ra t i on  c h a r a c t e r i s t i c s  o f  
t h e  tank  were a l s o  ob ta ined f rom t h e  t e s t  f i l m .  
T h i s  was accomplished by reco rd ing  l a t e r a l  d i s -  
placement versus t ime  da ta  f rom t h e  f i l m .  
p o i n t e r s  (F ig .  3 )  were at tached t o  t h e  tank  and 
used f o r  read ing  displacement measurements. 
p o i n t e r  was a l i gned  w i t h  t h e  camera c e n t e r l i n e  
when t h e  tank  was a t  t h e  f a r  end o f  t h e  t r a c k  
be fo re  t h e  a p p l i c a t i o n  o f  t h e  impu ls i ve  acceler-  
a t i on .  The o t h e r  p o i n t e r  became centered i n  t h e  
camera's f i e l d  o f  view as t h e  tank  t r a v e l e d  across 
t h e  l i n e a r  bea r ing  t rack .  The use o f  two po in te rs  
and a c o r r e c t i o n  f o r  p a r a l l a x  e f f e c t s  al lowed f o r  
accura te  displacement readings rega rd less  o f  t h e  
l o c a t i o n  o f  t h e  tank. 
When t h i s  
I t  was poss ib le  
When t h e  
I n  a d d i t i o n  t o  t h e  l i qu id -vapor  i n t e r f a c e  
Two 
One 
Accura te  knowledge of t h e  t i m e  t h e  tank f i r s t  
s t a r t e d  t o  acce le ra te  was c r i t i c a l  i n  c o r r e l a t i n g  
t h e  i n i t i a l  displacement c h a r a c t e r i s t i c s  w i t h  t i m e .  
I n  t h i s  i n v e s t i g a t i o n  t h e  s t a r t i n g  t ime  was i n d i -  
ca ted  by i l l u m i n a t i o n  o f  a l i g h t - e m i t t i n g  diode. 
Th is  l i g h t - e m i t t i n g  d iode was a c t i v a t e d  when t h e  
r e t a i n i n g  p i n  was r o t a t e d  away f rom t h e  tank  base, 
a l l o w i n g  t h e  a i r  p i s t o n  t o  acce le ra te  t h e  tank. 
Since t h e  s t r o k e  of t h e  p i s t o n  was u s u a l l y  
ad jus ted  t o  o n l y  1.27 cm, t h e  tank  exper ienced a 
l a t e r a l  a c c e l e r a t i o n  f o r  0.1 t o  0.2 sec. 
The magnitude of t h e  a c c e l e r a t i o n  was de te r -  
mined by  p l o t t i n g  displacement (DISP) versus t i m e  
p o i n t s  on log- log  graph paper. A curve  was f i t t e d  
t o  these p o i n t s  by us ing  a s lope o f  2; t h e  acce l -  
e r a t i o n  (ACC) was then ob ta ined f rom t h e  appro- 
p r i a t e  i n t e r c e p t  o f  t h e  curve  (F ig .  7 i s  a t y p i c a l  
p l o t ) .  A f t e r  t h e  p i s t o n  reached t h e  end o f  i t s  
stroke, t h e  a c c e l e r a t i o n  va lue  went t o  zero and 
t h e  v e l o c i t y  o f  t h e  t e s t  tank remained n e a r l y  con- 
s tan t .  T h i s  v e l o c i t y  was determined by p l o t t i n g  
displacement versus t ime  and t a k i n g  t h e  s lope o f  
t h e  p l o t  (F ig .  8). 
The v a r i a t i o n  o f  exper imental  c o n d i t i o n s  
encompassed by  t h e  f i v e  t e s t s  conducted as p a r t  o f  
t h i s  program and t h e  a n t i c i p a t e d  shu t t l e /Cen tau r  
deployment c o n d i t i o n s  a re  shown i n  Table 11. A l s o  
i nc luded  i n  Table I 1  are  t h e  c a l c u l a t e d  values of 
t h e  t e s t  tank  acce le ra t i ons  and t h e  t o t a l  t ime  of  
t h e  a c c e l e r a t i n g  impulses. 
Test Resu l t s  and D iscuss ion  
I n  o rde r  t o  understand t h e  problems associ-  
a ted  w i t h  t h e  dynamics o f  low-grav i ty  l i q u i d -  
vapor systems i n  e l l i p s o i d a l  tanks, t h e  i n i t i a l  
l i qu id -vapor  i n t e r f a c e  l o c a t i o n  be fo re  any d i s -  
tu rbance mus be known. The i n i t i a l  phase o f  t h e  
de termin ing  e q u i l i b r i u m  ze ro -g rav i t y  i n t e r f a c e  con- 
f i g u r a t i o n s  t h a t  cou ld  e x i s t  i n  an e l l i p s o i d .  
Dur ing  t h i s  f i r s t  phase o f  t h e  s tudy  t h e  t e s t  t ank  
was n o t  g i ven  an a c c e l e r a t i o n  b u t  i ns tead  was 
clamped t o  t h e  l i n e a r  bea r ing  i n  a f i x e d  p o s i t i o n  
such t h a t  t h e  tank  was a l i gned  w i t h  t h e  o p t i c a l  
a x i s  o f  t h e  mot ion  p i c t u r e  camera (F ig .  2) .  
ze ro -g rav i t y  environment (d rag  on t h e  exper imenta l  
package has an i n s i g n i f i c a n t  e f f e c t  on t h e  
r e s u l t s ) ,  coupled w i t h  so l i d - l i qu id -vapor  combina- 
t i o n s  t h a t  produced near 0 s t a t i c  con tac t  angles, 
r e s u l t e d  i n  spher i ca l  l i qu id -vapor  i n t e r f a c e  shapes 
i n s i d e  t h e  e l l i p s o i d a l  tank. The exper imental  
work t h a t  e s t a b l i s h e d  e q u i l i b r i u m  ze ro -g rav i t y  
l i qu id -vapor  i n t e r f a c e  shapes and l o c a t i o n s  i s  
discussed in d e t a i l  i n  Ref. 2. 
t e s t  p rog ra  4 was performed w i t h  t h e  o b j e c t i v e  of 
The 
The r e s u l t s  descr ibed i n  Ref. 2 i n d i c a t e  
t h a t ,  depending on t h e  s i z e  o f  t h e  vapor bubble, 
t h e  l i qu id -vapor  i n t e r f a c e  can e x i s t  a t  severa l  
l o c a t i o n s  i n  an e l l i p s o i d a l  tank. Th is  i s  t r u e  as 
l ong  as t h e  i n t e r f a c e  i s  ab le  t o  meet t h e  minimum 
energy requirement by fo rming  a sphere w i t h i n  t h e  
w a l l s  o f  t h e  tank. For t h e  shu t t l e /Cen tau r  sepa- 
r a t i o n  dynamics problem, o n l y  l i q u i d  f i l l  l e v e l s  
g r e a t e r  t han  70 percent  were o f  i n t e r e s t .  L i q u i d  
f i l l  l e v e l s  o f  80 percent  o r  more r e s u l t e d  i n  vapor 
bubbles w i t h  diameters smal l  enough so t h a t  t h e y  
cou ld  be  accommodated anywhere w i t h i n  t h e  tank  
boundaries. As t h e  i n t e r f a c e  r a d i u s  o f  cu rva tu re  
inc reased w i t h  reduced f i l l  leve ls ,  between 80 and 
70 percent,  t h e  vapor bubble tended t o  fo rm i n  t h e  
cen te r  o f  t h e  e l l i p s o i d a l  tank  s ince  t h i s  was t h e  
o n l y  l c c a t i o n  where a spher i ca l  bubble cou ld  f i t  
w i t h i n  t h e  tank  boundaries. 
r i u m  zero-grav ' ty  i n t e r f a c e  c o n f i g u r a t i o n s  had 
been acquired,$ t h e  exper imental  i n v e s t i g a t i o n  
A f t e r  a b e t t e r  understanding o f  t h e  e q u i l i b -  
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cont inued by app ly ing  a l a t e r a l  acce le ra t i on  t o  
t h e  e l l i p s o i d a l  tank. The o r i e n t a t i o n  o f  t h e  tank 
r e l a t i v e  t o  t h e  g r a v i t a t i o n a l  vec to r  (F ig .  9 )  was 
se lec ted  so t h a t  t h e  r e s u l t i n g  ze ro -g rav i t y  vapor 
bubb le  would be a t  the  assumed worst-case l o c a t i o n  
(i.e., a t  t h e  f a r t h e s t  extreme f rom t h e  cen te r  o f  
t h e  tank, thus  p rov id ing  a maximum center -o f -  
g r a v i t y  o f f s e t )  be fore  t h e  s t a r t  o f  t h e  impu ls ive  
a c c e l e r a t i o n  f o r  t e s t s  1, 2, and 3. Test condi-  
t i o n s ,  l i q u i d s ,  and f i l l  l e v e l s  were chosen so 
t h a t  t h e  t ime  t o  fo rm a n e a r l y  quiescent i n t e r f a c e  
was as s h o r t  as possible;  u s u a l l y  l e s s  than  2 sec. 
Dur ing  t h e  t e s t  sequence t h e  s t a r t  of t h e  l a t e r a l  
a c c e l e r a t i o n  was delayed b y  2.0 t o  2.5 sec t o  
a l l o w  t h e  l iqu id -vapor  i n t e r f a c e  t o  fo rm i t s  zero 
Bond number con f igu ra t i on .  T h i s  fo rma t ion  p e r i o d  
was s u f f i c i e n t l y  shor t  t o  a l l ow  adequate t ime  t o  
v iew t h e  l a t e r a l  acce le ra t i on  o f  t h e  t e s t  tank  and 
t h e  r e s u l t i n g  mot ion  o f  t h e  tank  and t h e  t e s t  
f l u i d .  
F igures  9 and 10 show a sequence o f  p i c t u r e s  
f r o m  one o f  t h e  zero-grav i ty  t e s t s  ( t e s t  1, 
Table 11) i n  which the e l l i p s o i d a l  tank was accel-  
e ra ted .  I n  F ig .  9 the f i r s t  p o r t i o n  o f  t h e  drop 
can be seen. Th is  p a r t  o f  t h e  drop i nvo lved  t h e  
fo rma t ion  o f  a s t a b l e  l iqu id -vapor  i n t e r f a c e .  The 
i n i t i a l  c o n d i t i o n  o f  the exper imental  drop package 
was such t h a t  t h e  l i q u i d  bottomed i n  t h e  tank and 
was symmetric about t h e  con ta ine r  major ax i s  
(F ig .  9 ( a ) ) .  
environment t h e  l iqu id -vapor  i n t e r f a c e  underwent 
an o s c i l l a t o r y  mot ion  bu t  remained symmetric about 
t h e  e l l i p s o i d  major  axis (Fig.  9 (b ) ) .  Th is  t r a n -  
s i e n t  mot ion  d isp laced t h e  bubble along t h e  major 
a x i s  (F ig .  9 ( c ) )  t o  the o the r  s ide  o f  t h e  tank, 
where t h e  l i q u i d  motion damped and t h e  vapor bub- 
b l e  became s t a b l e  ( F i g .  9 ( d ) ) .  The process j u s t  
descr ibed was w e l l  understood f r o m  t h e  f i r s t  phase 
o f  t h e  exper imental  work and took  approximately 
2.5 sec. 
Upon en t r y  i n t o  t h e  l ow-g rav i t y  
Once t h e  i n t e r f a c e  became quiescent,  t h e  
l a t e r a l  a c c e l e r a t i o n  was app l i ed  t o  the  t e s t  tank.  
J u s t  a f t e r  t h e  acce le ra t i on  was appl ied,  t he  vapor 
bubb le  s t a r t e d  t o  move f rom t h e  cen te r  o f  t h e  tank 
toward t h e  l e f t  w a l l  (Fig.  lO (a ) ) .  (The f o r c e  was 
app l i ed  t o  t h e  r i g h t  s ide o f  t h e  tank  as viewed 
f rom t h e  camera.) 
f o r  approx imate ly  0.1 sec, a geyser appeared t o  
fo rm and t h e  vapor bubble became h i g h l y  deformed 
(F ig .  10(b) .  When the p i s t o n  reached t h e  end o f  
i t s  s t r o k e  and t h e  app l ied  f o r c e  was no longer  
present,  t h e  geyser col lapsed - l e a v i n g  an i n t e r -  
f ace  t h a t  appeared t o  have no d i s t i n c t  shape 
( F i g .  l O ( c ) ) .  However, i n  a very  s h o r t  t ime  
(approx imate ly  0.4 sec) a f t e r  t h e  a c c e l e r a t i o n  
became zero, t h e  i n t e r f a c e  again appeared t o  be 
dominated by c a p i l l a r y  fo rces  and s t a r t e d  t o  take  
on a spher i ca l  shape (Fig. 10 (d ) ) .  As the  e l l i p -  
s o i d a l  tank  cont inued t o  move across t h e  t rack ,  
t h e  i n t e r f a c e  t rave led  f rom t h e  l e f t  s i de  t o  t h e  
r i g h t  s i d e  o f  t h e  tank (F ig .  l O ( e ) ) .  Toward the  
end o f  t h e  drop per iod  t h e  l i q u i d  mot ion  damped, 
and t h e  l i qu id -vapor  i n t e r f a c e  appeared t o  be 
fo rming  i t s  e q u i l i b r i u m  spher i ca l  ze ro -g rav i t y  
c o n f i g u r a t i o n  (F ig .  1 0 ( f ) ) .  
F i g u r e  11 shows p l o t s  o f  t h e  l i qu id -vapor  
i n t e r f a c e  corresponding t o  some o f  t h e  photographs 
j u s t  described. 
A f t e r  t h e  f o r c e  had been app l i ed  
Figure l l ( a )  i l l u s t r a t e s  t h e  
i n i t i a l  c o n d i t i o n  o f  t h e  l ow-g rav i t y  i n t e r f a c e  
be fo re  any impulse. 
t h e  f i r s t  phase o f  t h e  exper imental  program. 
F igures  l l ( b )  and ( d )  correspond t o  t imes when 
t h e  i n t e r f a c e  was d i s t o r t e d  due t o  r e f r a c t i o n  and 
para1 l a x  and t h e r e f o r e  a re  q u a l i t a t i v e  i n t e r p r e -  
t a t i o n s  o f  t h e  observed i n t e r f a c e  (determined as 
descr ibed i n  t h e  s e c t i o n  "Data Ana lys is " ) .  A more 
accura te  i n t e r f a c e  shape was p l o t t e d  when t h e  tank  
was near t h e  midd le  o f  t h e  t r a c k  (F ig .  l l ( c ) ) .  
Note t h a t  t h i s  p l o t  i s  n o t  complete, however, 
because r e f r a c t i o n  was p a r t i c u l a r l y  h igh  near t h e  
edge of  t he  e l l i p s o i d a l  tank. 
Th is  p l o t  was de r i ved  f rom 
Four o the r  impu ls i ve  acce le ra t i on  runs  were 
performed and each r u n  had s i m i l a r  r e s u l t s .  
F igu res  12 t o  15 a re  p l o t s ,  s i m i l a r  t o  F ig .  11, of 
t h e  l i qu id -vapor  i n t e r f a c e  c o n f i g u r a t i o n  a t  key 
t imes du r ing  t e s t  runs  2 t o  5, r e s p e c t i v e l y .  
every  r u n  b u t  one ( t e s t  3, which had t h e  lowest  
impu ls i ve  acce le ra t i on )  a geyser formed, and i n  
a l l  t e s t s  t h e  vapor bubble remained i n t a c t  and was 
becoming s t a b l e  near t h e  end o f  t h e  t e s t  per iod .  
Th is  p a r t  o f  t h e  program was performed t o  
p r o v i d e  da ta  f o r  t h e  v e r i f i c a t i o n  o f  a computer 
code and d i d  n o t  a c t u a l l y  sca le  Centaur tank  con- 
f i g u r a t i o n  o r  f l i g h t  cond i t i ons .  Time c o n s t r a i n t s  
pe rm i t ted  o n l y  a l i m i t e d  number o f  t e s t s  t o  be 
made. Consequently no at tempt was made t o  develop 
c o r r e l a t i n g  parameters r e l a t i n g  t h e  i n f l u e n c e  o f  
t h e  impu ls i ve  l a t e r a l  acce le ra t i on  t o  t h e  observed 
behav io r  o f  t h e  l i q u i d  and t h e  vapor w i t h i n  t h e  
t e s t  tank. 
I n  
Numerical Model ing 
The NASA-VOF3D computer code4 was used t o  
p r o v i d e  (1 )  an a n a l y t i c a l  comparison w i t h  t h e  
r e s u l t s  f rom t h r e e  o f  t h e  p r e v i o u s l y  descr ibed 
t e s t s ,  thus  p r o v i d i n g  a v a r i a t i o n  i n  bo th  l i q u i d  
f i l l  l e v e l  and f l u i d  p roper t i es ,  and (2 )  an ana ly t -  
i c a l  p r e d i c t i o n  o f  t h e  Centaur l i q u i d  oxygen mot ion  
r e s u l t i n g  f rom t h e  deployment o f  t h e  v e h i c l e  f rom 
t h e  s h u t t l e  cargo  bay, assuming a worst-case i n i -  
t i a l  l o c a t i o n  f o r  t h e  vapor bubble. The NASA-VOF3D 
program s imu la tes  three-dimensional  incompress ib le  
f l o w s  w i t h  f r e e  sur faces  by us ing  t h e  volume-of- 
f l u i d  a lgor i thm.  I t i s  s p e c i f i c a l l y  designed t o  
p r e d i c t  l i q u i d  f l o w s  i n  a l ow-g rav i t y  environment, 
where t h e  f r e e  su r face  phys ics  must be accu ra te l y  
t rea ted .  The computat ional  technique i s  based on 
t h e  use o f  donor-acceptor d i f f e r e n c i n g  t o  t r a c k  
t h e  f r e e  sur face  across an E u l e r i a n  g r i d .  
p u t e r  codes developed a t  t h e  Los Alamos Na t iona l  
Labora tory  under an in te ragency  agreement w i t h  
NASA Lewi . The f i r s t  o f  these codes, NASA 
SOLA-VOF,2*is a two-dimensional program w r i t t e n  
s p e c i f i c a l l y  f o r  s i m u l a t i n g  t h e  axisymmetr ic d ra in -  
i n g  o f  spacecra f t  p r o p e l l a n t  tanks.  The r e c e n t l y  
r e 1  eased NASA-VOF2D6 and NASA-VOF3D programs con- 
t a i n  severa l  improvements over  t h e  NASA SOLA-VOF 
code. 
NASA-VOF3D i s  t h e  l a t e s t  o f  a f a m i l y  o f  com- 
-- 
* A l l  t h r e e  computer codes are  ava i l ab le ,  f o r  
a nominal fee,  f rom t h e  Na t iona l  Energy Software 
Center, Argonne Na t iona l  Laboratory,  Argonne, 
I 1  1 i nois.  
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- 
The NASA-VOF3D program, l i k e  i t s  NASA-VOF2D 
predecessor, i s  h i g h l y  s t r u c t u r e d  so t h a t  i n d i -  
v i d u a l  components may be e a s i l y  mod i f i ed  t o  f i t  
s p e c i f i c  problems o r  t o  accept subsequent code 
upgrades. Th is  approach a l l ows  g rea te r  e f f i c i e n c y  
i n  opera t ion ,  s i m p l i f i e s  problem setup, and f a c i l -  
i t a t e s  code mod i f i ca t i on .  Al though NASA-VOF3D can 
r u n  many problems w i thou t  a l t e r a t i o n ,  a s p e c i f i c  
a p p l i c a t i o n  w i l l  genera l l y  r e q u i r e  program a l t e r -  
a t i o n s  f o r  spec ia l  i n f l o w  o r  o u t f l o w  po r t s ,  com- 
p l i c a t e d  geometries, o r  unusual i n i t i a l  cond i t ions .  
Seldom does any th ing  have t o  be deleted; r a t h e r  
t h e  m o d i f i c a t i o n s  are  u s u a l l y  a d d i t i o n s  t o  t h e  
e x i s t i n g  s t r u c t u r e .  
v e r y  s i m i l a r  i n  two and t h r e e  dimensions, t h e  reader 
w i l l  f r e q u e n t l y  be r e f e r r e d  t o  t h e  NASA-VOFPD 
r e p o r t 6  f o r  a f u l l e r  d e s c r i p t i o n  o f  t o p i c s  men- 
t i o n e d  i n  t h i s  paper. I n  p a r t i c u l a r ,  Ref. 6 d i s -  
cusses t h e  developments l ead ing  t o  t h e  use o f  
SOLA-VOF methodology i n  l ow-g rav i t y  l i q u i d  f lows.  
NASA-VOF3D inco rpo ra tes  t h e  NASA-VOFPD improve- 
ments i n  donor-acceptor d i f f e r e n c i n g ,  i n  t h e  a b i l -  
i t y  t o  accu ra te l y  model curved boundaries, and i n  
t h e  i n c l u s i o n  o f  a conjugate r e s i d u a l  o p t i o n  as 
w e l l  as a success ive-over re laxa t ion  (SOR) o p t i o n  
f o r  advancing t h e  pressures (and v e l o c i t i e s )  i n  
t ime  throughout t h e  computing mesh. 
r e s i d u a l  method i s  vec to r i zed  f o r  t h e  Cray com- 
p u t e r  and employs a scaled c o e f f i c i e n t  ma t r i x .  
was found t o  be necessary f o r  accuracy t o  r a d i -  
c a l l y  a l t e r  t h e  procedure f o r  c a l c u l a t i n g  th ree-  
dimensional  su r face  tens ion  e f f e c t s ,  as w i l l  be 
exp la ined i n  t h e  f o l l o w i n g  sect ion.  
s o l u t i o n  o f  t h e  Navier-Stokes equat ions  f o r  an 
incompress ib le  f l u i d .  These equat ions  apply a t  
every  p o i n t  i n s i d e  t h e  f l u i d .  The complete 
Navier-Stokes equat ions f o r  an incompress ib le  
f l u i d  a re  so lved by f i n i t e  d i f f e rences ,  w i t h  t h e  
su r face  t e n s i o n  e f f e c t s  included. Several  se ts  
o f  q u a n t i t i e s  must be incremented t o  advance t h e  
c a l c u l a t i o n  through one t ime  step. 
procedures i s  app l i ed  t o  a l l  computat ional  c e l l s  
open t o  f low; o t h e r  procedures are  app l i ed  t o  
f l u i d  c e l l s  on ly ,  w i t h  a l t e r n a t i v e  procedures f o r  
surface c e l l s .  
The f r e e  sur faces  a re  t r e a t e d  by i n t roduc ing  
a f u n c t i o n  F t h a t  i s  de f i ned  t o  be u n i t y  a t  any 
p o i n t  occupied by t h e  l i q u i d ,  and zero  elsewhere. 
When averaged over a c e l l  o f  t h e  computing mesh, 
t h e  va lue  o f  F represents  t h e  f r a c t i o n a l  volume 
of  t h e  c e l l  occupied by l i q u i d .  C e l l s  w i t h  F 
values between one and zero are  p a r t i a l l y  f i l l e d  
w i t h  l i q u i d ;  t hey  a re  e i t h e r  i n t e r s e c t e d  by  a f ree  
su r face  o r  con ta in  vo ids  (bubbles) sma l le r  than 
c e l l  mesh dimensions. The F f u n c t i o n  i s  used t o  
determine which c e l l s  con ta in  a f r e e  sur face  bound- 
a r y  and where t h e  l i q u i d  i s  l oca ted  i n  t h e  c e l l s .  
Grad ien ts  o f  F determine t h e  mean l o c a l  surface 
normal and toge the r  w i t h  F values pe rm i t  con- 
s t r u c t i o n  o f  an approximate i n t e r f a c e .  Surface 
t e n s i o n  and w a l l  adhesion f o r c e s  may then be com- 
puted. The spec ia l  requirements f o r  cons t ruc t i on  
of  g rad ien ts  o f  t h e  s tep  f u n c t i o n  F are  d i s -  
ci issed i n  Ref. 6. 
Numerical Methodology 
methods employed by t h e  NASA-VOF computer codes. 
Because much o f  t h e  numerical  methodology i s  
The conjugate 
I t  
The bas ic  NASA-VOF a lgo r i t hm i s  based on the 
One s e t  o f  
T h i s  s e c t i o n  b r i e f l y  descr ibes  t h e  numerical 
Only t h e  key f e a t u r e s  and l i m i t a t i o n s  o f  t h e  pro- 
grams are  presented; f o r  more d e t a i l  examine 
Refs. 4 and 6. The programs use an E u l e r i a n  f rame 
and a l l ow  f o r  an a r b i t r a r y  number o f  f r e e  su r face  
segments w i t h  any reasonable shape. Va r iab le  mesh 
spacing i s  pe rm i t ted  i n  a l l  coo rd ina te  d i r e c t i o n s ,  
as i s  necessary f o r  e f f i c i e n t  numerical  s o l u t i o n  
o f  many problems. 
b i l i t y  i s  sub jec t  t o  reasonable requirements f o r  
avo id ing  ne ighbor ing  c e l l s  o f  g r o s s l y  d i f f e r e n t  
s i z e  and c e l l s  o f  l a r g e  aspect r a t i o .  
t i o n a l  mesh are  imposed i n  a standard way by  t h e  
use o f  f l a g s  denot ing  t h e  tank  wa l ls .  
o f  boundary cond i t i ons ,  if needed, must be sup- 
p l i e d  by t h e  user and placed i n  a spec ia l  subrou- 
t i n e .  An example o f  t h e  use o f  spec ia l  boundary 
cond i t i ons  (i.e., a tank  d r a ' n  ho le )  i s  con ta ined 
i n  t h e  NASA SOLA-VOF r e p o r t .  
The program s p e c i f i e s  t h e  l o c a t i o n  o f  obsta- 
c l e s  and t h e  i n i t i a l  l o c a t i o n s  o f  l i q u i d ,  vapor, 
and l iqu id -vapor  i n t e r f a c e s .  When appropr iate,  a 
l i qu id -vapor  i n t e r f a c e  may be c a l c u l a t e d  as an 
e q u i l i b r i u m  surface; o therw ise  i t s  shape must be 
s p e c i f i e d  by  t h e  user  i n  advance. 
The i n i t i a l  l i q u i d  v e l o c i t i e s  are s p e c i f i e d  
as cons tan t  o r  zero. I t  would, i n  p r i n c i p l e ,  be  
poss ib le  t o  take  t h e  l i q u i d  t o  be i n i t i a l l y  i n  
nonuni form motion. However, i t  i s  very  r a r e  f o r  
a dynamic v e l o c i t y  f i e l d  t o  be known w i t h  s u f f i -  
c i e n t  p r e c i s i o n  t o  be s u i t a b l e  as an i n i t i a l  con- 
d i t i o n .  Al though t h e  pressure  f i e l d  i s  i n i t i a l l y  
zeroed, t h i s  comnand may be over r idden t o  produce 
a h y d r o s t a t i c  head as t h e  system's i n i t i a l  pres- 
sure f i e l d .  I t  i s  impor tan t  t h a t  an accurate 
i n i t i a l  p ressure  f i e l d  be employed s ince  problems 
w i t h  poor i n i t i a l  pressure d e f i n i t i o n  may have 
d i f f i c u l t y .  
A l l  t h e  sur face  phys ics  a lgor i thms developed 
f o r  NASA-VOF2D were improved and genera l i zed  dur-  
i n g  t h e  development o f  t h e  three-dimensional 
modeling c a p a b i l i t y .  
f ace cu rva tu re  can be c a l c u l a t e d  a l g e b r a i c a l l y ,  
and one cu rva tu re  must be computed by f i n i t e -  
d i f f e r e n c e  approximations. Moreover t h e  algebra- 
i c a l l y  determined cu rva tu re  i s  t y p i c a l l y  t h e  
l a r g e r  one i n  t h e  c r u c i a l  near-axis c e l l s ,  I n  
t h r e e  dimensions bo th  su r face  curva tures  must be 
computed by l e s s  accurate f i n i t e - d i f f e r e n c e  
approximations. I n  add i t i on ,  cons iderab le  r e f i n e -  
ment o f  t h e  two-dimensional su r face  tens ion  a lgo-  
r i t h m s  was necessary d u r i n g  t h e  development o f  
t h e  three-dimensional  computer code. Reference 4 
conta ins  a d e t a i l e d  d i scuss ion  o f  how these sur-  
f ace  phys ics  e f f e c t s  were accounted f o r  
numer ica l l y .  
a r e a l i s t i c  w a l l  adhesion a l g o r i t h m  f o r  two- 
dimensional problems ( i t  i s  a standard f e a t u r e  o f  
NASA-VOF2D). Th is  tu rned  ou t  t o  be o f  c r u c i a l  
importance i n  c a l c u l a t i n g  such f l o w  fea tu res  as 
t h e  leading-edge l i q u i d  v e l o c i t y  i n  a p r o p e l l a n t  
r e o r i e n t a t i o n  problem. 
was accomplished (1) by d e f i n i n g  a c e l l  index 
a r ray  t h a t  s p e c i f i e s  whether t h e  w a l l  adhesion 
o p t i o n  o r  t h e  sur face  t e n s i o n  o p t i o n  i s  t o  be 
se lec ted  and ( 2 )  by d e f i n i n g  angles, cons i s ten t  
w i t h  t h e  tank  geometry, t h a t  determine t h e  d i r e c -  
t i o n  i n  which any w a l l  adhesion f o r c e  i s  t o  ac t .  
However, t h e  v a r i a b l e  mesh capa- 
Typ ica l  boundary c o n d i t i o n s  f o r  t h e  computa- 
Other t ypes  
2 
I n  two dimensions one sur -  
Considerable e f f o r t  was expended i n  o b t a i n i n g  
I n  two dimensions t h e  task  
5 
In two dimensions the wall adhesion calculation is 
simplified because the force points either up or 
down the tank wall. 
effect of liquid contact angle since the contact 
angle is usually very small. In contrast, a suc- 
cessful three-dimensional algorithm must introduce 
an additional angle, redefined for each computa- 
tional cycle, that determines in what direction 
the wall-adhesion force is to point. 
The present version of the three-dimensional 
program does not permit the accurate calculation 
of wall adhesion except for straight-walled cells; 
in general, it forces the cell indicator flags to 
choose the surface tension option. The inclusion 
of a realistic wall adhesion calculation into the 
surface physics routines is one of the principal 
tasks that must be accomplished if NASA-VOF3D is 
to evolve into a truly general-purpose code. 
ever, it is emphasized that the present program 
still has a very significant range of applicability 
that permits a wide range of design questions to 
be meaningfully addressed. For example, questions 
concerning the bulk motion of fluid in a given 
geometry may be addressed without the interaction 
of the liquid and its tank wall being predicted 
with high accuracy. 
Analytical Results and Discussion 
(tests 1, 4, and 5 in Table 11) were numerically 
modeled. Inputs to the NASA-VOF3D computer code 
included liquid properties (Table I), tank geom- 
etry, vapor bubble size and location before the 
start of impulsive acceleration, and the duration, 
direction, and magnitude of the applied 
acceleration. 
The results of the numerical modeling activ- 
ity for test 1 are shown in Fig. 16 as cross- 
sectional views through the center of the tank. 
The two-dimensional views of the vapor bubble and 
the liquid velocity vectors shown are a graphical 
output feature of the NASA-VOF3D computer code. 
For each time step the liquid velocity vectors are 
scaled to the maximum liquid velocity at that 
time. The sequence in time of the first, third, 
and last cross-sectional views of the vapor bubble 
shown in Fig. 16 were selected to correspond 
approximately in time with the plots of the exper- 
imental data presented in Figs. ll(a) to (c). The 
numerical modeling was terminated at approximately 
0.6 sec (Fig. 16(f)) when significant vapor bubble 
motion was no longer observed and the vapor bubble 
began to break up. 
to tests 4 and 5 are presented in Figs. 17 and 18, 
respectively. Once again, the sequence in time of 
the cross-sectional views of the vapor bubbles was 
chosen to correspond approximately in time with 
the plots of the liquid-vapor interfaces derived 
from the experimental data (Figs. 14 and 15). 
the Lewis Zero-Gravitv Facilitv with the NASA- 
This approach neglects the 
How- 
Three of the Zero-Gravity Facility tests 
The numerical modeling results corresponding 
Comparing the experimental data generated in 
VOF3D numerical modeling output led to the con- 
clusion that the computer code could be used to 
predict liquid-oxygen motion in the Centaur veh 
cle. 
experimental and numerical results for the dur- 
ation of the accelerating force. During this t 




most of the liquid motion took place and the high- 
est liquid velocities were calculated. At later 
times, in contrast to the experimental observa- 
tions, the numerically generated ullage fragmented, 
probably reflecting the continuing difficulty in 
accurately modeling surface-tension-dominated fluid 
dynamic phenomena. However, before the ullage 
broke up, the liquid motion had significantly sub- 
sided, as observed experimentally and determined 
numerically. Since the liquid momentum flux was 
proportional to the square o f  the liquid velocity, 
this numerical inaccuracy should not affect the 
ultimate objective, the prediction of the liquid- 
oxygen propellant and Centaur vehicle motion in 
response to an impulsive acceleration. 
Similar to the numerical modeling of the 
experimental data from the Zero-Gravity Facility, 
the NASA-VOF3D computer code was employed to pre- 
dict th liquid oxygen motion in the Centaur 
to the code included liquid-oxygen properties 
(Table I), the vapor bubble geometry and its 
assumed worst-case initial location (maximum dis- 
placement of the liquid center of gravity from 
the Centaur vehicle centerline), the tank geometry, 
and the characteristics of the applied acceler- 
ation (Table 11) .  
for the shuttle/Centaur program are shown in 
Figs. 19 to 23. The left portion of each figure 
is a side view of the liquid-oxygen tank showing a 
cross section through the Centaur vehicle center- 
line. (Note that, in contrast with the oblate 
spheroid tank configuration used for the experi- 
mental tests, the shuttle/Centaur liquid-oxygen 
tank has been enlarged by the addition of a cylin- 
drical midsection so that it appears to be nearly 
spherical.) The right side of each figure is a 
cross-sectional view of the tank that is perpen- 
dicular to the Centaur vehicle centerline and 
taken in a plane approximately one-third of the 
tank height from the top of the tank. Figure 19 
shows the assumed worst-case initial location for 
the vapor bubble. One second after the start of 
the 0.44-sec impulsive acceleration the liquid 
velocity reached a maximum of approximately 
50 cmlsec (Fig. 20). As time progressed (Figs. 21 
to 23) the liquid velocities decayed and the vapor 
bubble became highly distorted, nearly separating 
into two distinct regions. 
puter code included the prediction of the pressure 
distribution in the Centaur li,quid-oxygen tank as 
well as the liquid velocity field shown graphically 
in Figs. 20 to 23. These pressure distribution 
predictions can be employed in a vehicle dynamics 
analysis to establish the relative motion of the 
Centaur and shuttle vehicles during a deployment 
maneuver. For the first two planned Centaur-in- 
shuttle missions, the launches of the Galileo and 
Ulysses spacecraft, no hazardous vehicle motion 
was predicted. 
vehicle 5 during a deployment maneuver. Inputs 
The results of the NASA-VOF3D modeling effort 
The numerical output of the NASA-VOF3D com- 
Concluding Remarks 
The NASA Lewis Research Center, during the 
past two decades, has been a leading developer of 
low-gravity fluid management technology. Recent 
analytical and experimental efforts have addressed 
the potential problem associated with the separa- 
tion of the Centaur vehicle from the shuttle 
o r b i t e r .  
Lewis Zero-Gravi ty F a c i l i t y  were used t o  assess 
t h e  c a p a b i l i t i e s  o f  t h e  NASA-VOF3D computer code, 
developed under an in te ragency  agreement w i t h  the 
Los Alamos Na t iona l  Laboratory.  The NASA-VOF3D 
program was then  employed t o  p r e d i c t  t h e  l i q u i d -  
oxygen p r o p e l l a n t  mot ion and pressure  f i e l d  w i t h i n  
t h e  Centaur tankage d u r i n g  t h e  planned deployment 
maneuver. 
Based on t h e  exper imental  and a n a l y t i c a l  work 
performed i t  was concluded t h a t  no hazardous vehi- 
c l e  mot ion  would have r e s u l t e d  f rom t h e  Centaur 
separa t i on  maneuver i f  t h e  p r o p e l l a n t  tanks  were 
n e a r l y  f u l l .  Al though t h e  shu t t l e /Cen tau r  devel- 
opment a c t i v i t y  has been suspended, t h e  problem 
s o l u t i o n  presented serves t o  i l l u s t r a t e  t h e  capa- 
b i l i t i e s  o f  t h e  NASA-VOF3D computer code and t h e  
a b i l i t y  o f  Lewis t o  p rov ide  t i m e l y  f l u i d  manage- 
ment techno logy  i n f o r m a t i o n  t o  developers o f  
advanced space systems. 
Exper imental  da ta  ob ta ined i n  t h e  unique 
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TABLE I. - LIQUID PROPERTIES 
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( a t  -180 C )  
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S u r f a c e  











v i i c o s i t y ,  I 
CP 
TABLE 11. - SUMMARY OF ZERO-GRAVITY FACILITY EXPERIMENTAL 
CONDITIONS AND ANTICIPATED SHUTTLE/CENTAUR DEPLOYMENT 
T e s t  
S h u t t l e / C e n t a u r  
CONDITII 
L i q u i d  
E thano 1 
FC-43 
L i q u i d  
oxygen 
S FOR GALILEO MISSION 













T i m e  
a c c e l e r a t i o n  








aMaximum v a l u e  ( a p p l i e d  a c c e l e r a t i o n  = 0.133 c o s  3.47 t, w h e r e  
t d e n o t e s  t i m e  i n  seconds.) 
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FIGURE 1.  - NASA LEWIS RESEARCH CENTER ZERO GRAVITY FACIL ITY,  
ORIGINAL PAGE IS 
OF POOR QUALITY 
FIGURE 3. - EXPERIMENTAL APPARATUS MOUNTED ON TEST TRAY. 
FIGURE 2. - ZERO-GRAVITY FACILITY EXPERIMENTAL DROP PACKAGE. 
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FIGURE 4. - SCHEMATIC OF EXPERIRNTAL APPARATUS. 





AXIS IMPULSE AXIS 
(2.00 CM) -
SEMIMI NOR 
AXIS (1.47 cn) 
FRONT VIEW RELATIVE TO SIDE VIEW RELATIVE TO 
CAmRA C M R A  
FIGURE 5. - ELLIPSOIDAL CONFIGURATION OF MODEL TANK. 
FIGURE 6. - EQUILIBRIUM LIQUID-VAPOR INTERFACE CONFIGURATION I N  




ORiG&KAL PAGE IS 
.O& POOR QUALITY 
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Y 1k :: .8 6 .6 
n 
1 APPROXIMATE POINT - WHERE PISTON STROKE. --I OR FORCE. ENDED 
1 . 01 .1 1 
T I E ,  SEC 
FIGURE 7. - REPRESENTATIVE LATERAL ACCELERATION CHAR- 
ACTERISTICS USING ASSUED SLOPE OF 2. 
CELERATION FOR THIS PLOT. 0.22 g. 
LATERAL AC- 











0 .4 .8 1.2 
TIHE, SEC 
FIGURE 8 .  - REPRESENTATIVE LATERAL VELOC- 
ITY  CHARACTERISTIC. LATERAL VELOCITY 
FOR THIS PLOT. 22.9 CWSEC. 
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ORIGINAL PAGE IS 
OF. POOR QUALITY 
(A) I N I T I A L  LIQUID-VAPOR INTERFACE CONFIGURATION; T I E .  0 SEC. (B) TRANSIENT INTERFACE SHAPE: TIME. 0.09 SEC INTO DROP. 
(C) DISPLACEMENT OF INTERFACE ALONG TANK MAJOR AXIS: TIME, 0.39 (D) EQUILIBRIUM ZERO-GRAVITY INTERFACE CONFIGURATION; TIME, 
2.50 SEC INTO DROP. SEC INTO DROP. 
FIGURE 9. - TRANSIENT MOTION OF INTERFACE UPON ENTERING LOW GRAVITY. F I L L  LEVEL. 90 PERCENT.\ (TANK MAJOR AXIS PARALLEL TO DROP DIRECTION.) 
10 
ORIGINAL PAGE i3 
OF POOR QUALITY 
(A) I N I T I A L  MOTION OF INTERFACE: TIME, 0.06 SEC. (B) GEYSER FORMTION: TIME. 0.10 SEC. 
(C) ~ I M U R  INTERFACE DISTORTION: T I E ,  0.18 SEC. (D) TRANSIENT INTERFACE SHAPE AFTER ACCELERATION ENDS: 
T I E ,  0.40 SEC. 
(E) MOVEBENT OF INTERFACE ALONG TANK MAJOR AXIS DURING CONSTANT- 
VELOCITY PERIOD OF TANK MOTION: TIME, 0.62 SEC. 
(F) INTERFACE AGAIN DOMINATED BY CAPILLARY FORCES: TIME, 1.09 SEC. 
FIGURE 10. - LIQUID-VAPOR INTERFACE CONFIGURATION DURING AND AFTER IMPULSIVE ACCELERATION. TEST 1: F I L L  LEVEL, 90 PERCENT: IMPULSE. 0.25g 
FOR 0.101 SEE. ( T I E  EASURED FRM START OF IMPULSIVE ACCELERATION.) 
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(A) EQUILIBRIUM ZERO-GRAVITY CONFIGURATION, 
L- !I  
(B) QUALITATIVE VIEW OF LIQUID-VAPOR INTER- 
FACE: TIME. 0.10 SEC. 
(C) QUANTITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 
T I E ,  0.62 SEC. 
(D) QUALITATIVE VIEW OF LIQUID-VAPOR INTER- 
FACE; TIME, 1.09 SEC. 
FIGURE 11. - PLOTS OF LIQUID-VAPOR INTERFACE CONFlGuRATION - TEST 1. F I L L  LEVEL, 90 PERCENT: 'IMPULSE, 0.25 g FOR 0.101 SEC. 
(TIME REASURED FROM START OF IWULSIVE ACCELERATION.) 
2 
(A) EQUILIBRIUM ZERO-GRAVITY CONFIGURATION. 
VAPOR 
(C) QUANTITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 




(B) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE; 
TIME, 0.10 SEC. 
(D) QUALITATIVE VIEW OF LIQUID-VAPOR INTER- 
FACE; TIME, 1.18 SEC. 
FIGURE 12. - PLOTS OF LIQUID-VAPOR INTERFACE CONFIGURATION - TEST 2. FILL LEVEL, 90 PERCENT; IMPULSE, 0.22 Q FOR 0.108 SEC. 








(A) EQUILIBRIUM ZERO-GRAVI TY CONFIGURATION I (B) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE; 
TINE, 0.15 SEC. 
(C) QUANTITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 
T I E .  0.93 SEC. 
(D) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE; 
T I E .  1.72 SEC. 
n yL APPROXINATE 
LIQUID-VAPOR 
/ INTERFACE 
FIGURE 13. - PLOTS OF LIQUID-VAPOR INTERFACE CON[ JURATION - TEST 3. F I L L  LEVEL, 90 PERCENT; IMPULSE, 0.10 g FOR 0.160 SEC. 
(TIME EASURED FROM START OF IMPULSIVE ACCELERATION. 1 




(B) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 




(C) QUANTITATIVE VIEW OF LIQUID-VAPOR INTERFACE; 
T I E .  0.67 SEC. 
(D) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE; 
T I M ,  1.18 SEC. 
FIGURE 14. - PLOTS OF LIQUID-VAPOR INTERFACE CONFIGURATIONS - TEST 4. F I L L  LEVEL, 75 PERCENT; IMPULSE, 0.22 g FOR 0.109 SEC. 
(TIME MEASURED FROM START OF IMPULSIVE ACCELERATION. 1 
1 5  
IQUID 
(FC-43) 




(B) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 





(C)  QUANTITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 
TIME, 0.84 SEC. 
(D) QUALITATIVE VIEW OF LIQUID-VAPOR INTERFACE: 
TIME. 1.55 SEC. 
FIGURE 15.- PLOTS OF LIQUID-VAPOR INTERFACE CONFIGURATIONS - TEST 5. FILL LEVEL, 90 PERCENT: INPULSE. 0.14g FOR 0.132 SEC. 
( T I M  MEASURED FROM START OF IMPULSE ACCELERATION. 1 
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(D) INTERFACE CONFIGURATION AND LIQUID 
VELOCITY VECTORS 0.25 SEC AFTER I R U L S E  
INIT IATION (MXIMUM VELOCITY = 10 cWSEC). 
FIGURE 16. - NUMERICAL MODELING OF L IQUID AND 
0.25 g FOR 0.101 SEC. 
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(E) INTERFACE CONFIGURATION AND L IQUID (F)  INTERFACE CONFIGURATION AND L I Q U I D  VE- 
VELOCITY VECTORS 0.35 SEC AFTER IMPULSE LOCITY VECTORS 0.60 SEC AFTER IMPULSE I N I -  
IN IT IATION (MAXIMUM VELOCITY 7 CWSEC).  TIATION (MAXIMUM VELOCITY 5 CWSEC). 
VAPOR EIOTION I N  RESPONSE TO IMPULSIVE ACCELERATION - TEST 1. FILL LEVEL. 90 PERCENT; IMPULSE, 
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(A) LIQUID-VAPOR INTERFACE CONFIGURATION (B) INTERFACE CONFIGURATION AND L IQUID VE- (C) INTERFACE CONFIGURATION AND L I Q U I D  
BEFORE START OF IMPULSIVE ACCELERATION. LOCITY VECTORS 0.05 SEC AFTER IMPULSE 
INIT IATION (MAXINUN VELOCITY=16 CWSEC).  IN IT IATION (MAXIMUM VELOCITY=27 cWSEC). 
VELOCITY VECTORS 0.10 SEC AFTER IMPULSE 
,--------. . - .  . . . .  
. . . . . . . . .  
_ _ - . _ . . .  
. . . .  
(D) INTERFACE CONFIGURATION AND LIQUID VE- 
LOCITY VECTORS 0.15 SEC AFTER IMPULSE 
INIT IATION (MAXIMUM VELOCITY=14 CWSEC). 
0.22 g FOR 0.104 SEC. 
FIGURE 17. - NUERICAL MODELING OF L I Q U I D  AND 
. . ............... ~.. . . . . . . . . . . . . . . .  
. _ - - - + . .  . . . . . . . . . .  Y I 
(E) INTERFACE CONFIGURATION AND L IQUID VE- 
LOCITY VECTORS 0.35 SEC AFTER IMPULSE 
INIT IATION (MAXIMUM VELOCITY=5 cWSEC). 
VAPOR NOTION I N  RESPONSE TO IMPULSIVE ACCELERATION 
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(F) INTERFACE CONFIGURATION 0.65 SEC AFTER 
IMPULSE INIT IATION.  BULK L IQUID VELOCITY 
VECTORS NEARLY ZERO. 
’ TEST 4. F I L L  LEVEL, 75 PERCENT: IMPULSE, 
ORIGINAL PAGE IS 
OF POOR QUALITY 
I (a FORCE APPLIED 
4 
(A) LIQUID-VAPOR INTERFACE CONFIGURATION 
BEFORE START OF IMPULSIVE ACCELERATION. 
I:: 
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. . . . . . . . . . . . . .  
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(B) INTERFACE CONFIGURATION AND LIQUID VE- 
LOCITY VECTORS 0.05 SEC AFTER IMPULSE 
INITIATION (MIMUM VELOCITY= 10 cWSEC). 
. .  
. . . . . . . . . . .  
_ - - - _ - _  . . . . . . . . .  
. - - - - - - - - - _ , . . . . . .  . - - - -  - - - - - . - .  . . . .  
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(C) INTERFACE CONFIGURATION AND LIQUID VE- 
LOCITY VECTORS 0.13 SEC AFTER IMPULSE 
INITIATION (RAXINUM VELOCITY= 22 CWSEC), 
(D) INTERFACE CONFIGURATION AND LIQUID E- (E) INTERFACE CONFIGURATION AND LIQUID VE- (F) INTERFACE CONFIGURATION AND LIQUID VE- 
L0C:TY VECTORS 0.25 SEC AFTER IMPULSE IN- LOCITY VECTORS 0.45 SEC AFTER IMPULSE 
ITIATION (MAXIMUN VELOCITY=7 CWSEC). 
LOCITY VECTORS 0.85 SEC AFTER IMPULSE 
INITIATION (MAXIMUP! VELOCIN=4 CWSEC). INITIATION ( M I M U \  VELOCITY=6 CWSEC). 
FIGURE 18. - NUKRICAL MODELING OF LIQUID AND VAPOR NOTION IN RESPONSE TO IMPULSIVE ACCELERATION - TEST 5. FILL LEVEL, 90 PERCENT: IMPULSE. 
0.14 g FOR 0.132 SEC. 
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(A) CROSS-SECTIONAL VIEW OF LIQUID-OXYGEN TANK. (B) SECTION A-A. 
FIGURE 19. - NUMERICAL MODELING OF CENTAUR LIQUID-OXYGEN PROPELLANT NOTION DURING SEPARATION MANEUVER. I N I T I A L  
ASSUMED WORST-CASE LIQUID-VAPOR INTERFACE CONFIGURATION: F I L L  LEVEL. 89 PERCENT. IMPULSE APPLIED FOR 0.44 SEC 
WITH MAXIMUM ACCELERATION OF 0.133 g .  
I ' ' " I / ' -  . , , , , ,  I ,  
L A  
(A) CROSS-SECTIONAL VIEW OF LIQUID-OXYGEN TANK, (B) SECTION A-A. 
FIGURE 20. - NUMERICAL MODELING OF CENTAUR LIQUID-OXYGEN PROPELLANT NOTION DURING SEPARATION RANEUVER. TIME, 1.0 SEC 
AFTER IMPULSE INITIATION; RAXIMUN VELOCITY t 50 CWSEC. 
20 
OROGWik PAGE IS 
OF POOR QUALITY 
- - .  
. . .  
L A  
(B) SECTION A-A. (A) CROSS-SECTIONAL VIEW OF LIQUID-OXYGEN TANK, 
FIGURE 21. - NUMERICAL MODELING OF CENTAUR LIQUID-OXYGEN PROPELLANT MOTION DURING SEPARATION MNEUMR.  
TIRE, 10 SEC AFTER IMPULSE INIT IATION:  MAXIUflUM VELOCITY =12 CWSEC.  
(A) CROSS-SECTIONAL VIEW OF LIQUID-OXYGEN TANK. (B) SECTION A-A. 
FIGURE 22. - NUMRICAL MODELING OF CENTAUR LIQUID-OXYGEN PROPELLANT mlTION DURING SEPARATION MNEUMR.  T I E ,  
20 SEC AFTER IMPULSE INITIATION: MAXIMUM VELOCITY =12 C W S E C .  
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L A  
(A)  CROSS-SECTIONAL VIEW OF LIQUID-OXYGEN TANK. (B) SECTION A-A. 
FIGURE 23. - NUMERICAL MDELING OF CENTAUR LIQUID-OXYGEN PROPELLANT MOTION DURING SEPARATION MNEUVER. 
TIME, 40 SEC AFTER I R U L S E  INITIATION: WINUN VELOCITY=7 C M S E C .  
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